Morphological and biochemical changes occurring during the cell cycle of the fission yeast, Schizosaccharomyces pombe, have been extensively investigated by MITCHIsoN and his colleagues (1, 2, 3) . Most of these works, have been carried out using a limited number of cells of non-phased culture. Such a method of investigation may naturally encounter a limitation in analyzing certain biochemical characteristics.
In order to overcome this limitation, the establishment of synchronization of the yeast culture has been attempted in this laboratory.
Synchronization by the filtration technique of MARUYAMA and YANAGITA (4) was unsuccesf ul because of the large size of the cells of this yeast.
By contrast, synchronization by the preincubation at a high cell-density, which had been proved to be successful in Escherichia coli (5) and Mycobacterium smegmatis (6) , was found to be favorable with this yeast.
In the present paper the method of synchronization of the fission yeast by the high-density treatment will be described briefly and the biochemical events occurring during the preincubation and the following course of synchronized growth will be discussed with special reference to protein and nucleic acid syntheses.
MATERIALS AND METHODS

Organism
and cultivation. Schizosaccharomyces pombe strain NCYC 132 (supplied by courtesy of Dr. J. M. Mitchison of Edinburgh University) was cultured, unless otherwise specified, in modified Burkholder's medium of the following composition : glucose, 20 g ; succinic acid, 2.95 g ; CaCl2.2H2O, 0.33 g ; KH2P04, 1.5g; Mg504.7H20, 0.5g; (NH4)2504, 2.0g; Cu504.5H20, 0.04 mg ; FeSO4.7H2O, 0.25 mg; H3B03, 0.6 mg ; KI, 0.1 mg; Mn504.4H20, 0.04 mg; Na2MoO4, 0.025 mg ; Zn504.7H20, 0.31 mg; biotin, 0.002 mg ; Ca-pantothenate, 0.2 mg; inositol, 10 mg; nicotinic acid, 0.2 mg; pyridoxine. HCI, 0.2 mg; thiamine • HC1, 0.2 mg; Dif co malt extract, 1 g ; and water to 1 liter (pH 5.0). Sakaguchi's shaking flasks were used for a large scale culture and test tubes or Monod's tubes for a small scale culture.
Cultivation was performed at 30° and cells were harvested at the logarithmic phase.
Total cell counting. An electronic Coulter's particle counter, using 100 p Supported in part by a grant from the Ministry of Education. orifice tube, was mainly employed for counting total cell number. Prior to the counting, agitation of cell suspension (in saline containing 0.001% Tween 80) with a magnetostriction oscilator (10 KC) for 30 sec resulted in an effective separation of daughter cells.
Fractionation of cellular constituents. An appropriate amount of sample was taken at intervals from the culture, to which was added an equal amount of ice-cold acetone.
For the fractionation of nucleic acid in each sample, the method of SCHMIDT-THANNHAUSDR-SCHNEIDER (7) Was adopted unless otherwise specified. The nitrogen content in the hot trichloroacetic acid (TCA) insoluble fraction was taken as protein nitrogen.
Phosphorus compounds in the acidsoluble fraction were fractionated principally after the method of NIsm (8) . The nucleotide and sugar phosphate fractions denote those organic compounds adsorbable and non-adsorbable on Norit A (Fisher Co.), respectively. Analytical methods.
The ammoniacal nitrogen content in a culture was estimated by the method of KRUSE and MELLON (g) modified by UNEMOTO et al. (10) . The total nitrogen was determined by the method of AKAMATSU (11) after kjeldahlization.
The reducing sugar content in a culture was determined by the method of FOLIN and MALMROS (12) . Determinations of ortho-phosphate and total phosphate were performed by the method of ALLEN (13) .
The amounts of ribonucleic acid (RNA) and deoxyribonucleic acid (DNA) fractions were estimated spectrophotometrically using yeast RNA and sperm DNA as reference standards, respectively. In some cases, the method of WEBS and LEVY (14) for the estimation of DNA was also employed.
RESULTS
Synchronization of cell division
In preliminary experiments, the degree of synchrony, as judged from the growth curves, of the synchronized cultures of this yeast obtained by the preincubation of cells at a high cell-density in various media was compared. The results of these experiments showed that the addition of malt extract or yeast extract to a modified Burkholder's synthetic medium resulted in a better synchrony of cell division than without the addition of these extracts.
Therefore, in later experiments 0.10 malt extract was added in the synthetic medium.
When the yeast was cultured in this medium by shaking, it developed by the doubling time of 140 min at the logarithmic phase and attained the maximum growth at 2>< 108 cells per ml. In the case of E. coli (5) and M. smegmatis (6) , preincubation of cells at the cell density of the maximum growth for 1 generation time resulted in the best synchrony in cell division when they were diluted with a fresh medium and cultured.
By contrast, in S. pombe the preincubation of cells at a higher cell-density than that of the maximum growth for a period longer than its doubling time was found to be favorable for obtaining good synchrony. by the method of BLUMENTHAL and ZAHLER (15) was usually about 0.3-0.5 for the first division step and 0.2-0.4 for the second step.
Changes in amount of nutrients and cell constituents during preincubation at high cell-density In E. coli the amounts of ammoniacal nitrogen and glucose in culture medium were consumed only partially in the course of preceding culture at a high cell-density ; under such a cultural condition practically no increase in cell number was observed (5) . On the other hand, in S. pombe, as shown in Table 1 , glucose was rapidly exhausted within an initial short period of crowded culture leaving ammoniacal nitrogen consumed only partially, while only a slight increase in cell number was observed initially.
Such a rapid exhaustion of glucose may be due to the active f ermentative ability of this yeast.
It should be noted that a definite decrease in the concentration of total nitrogen in the medium seemed to occur corresponding to an increase in cellular nitrogen.
This result suggests that a fraction of the population increased in cell mass even at a high cell density in the absence of noticeable cell division as was the case in E. coli (5) . This was further confirmed by the estimation of phosphorus compounds in cells during the course of the crowded culture.
As shown in Table 2 , the amount of nucleic acid phosphorus, even on a per-cell basis, increased slightly at the expense of acid-soluble phosphorus compounds leaving the amount of polyphosphate and phosphoprotein almost unchanged.
Among acid-soluble phosphorus compounds, the amount of orthophosphate decreased most conspicuously and that of acid labile phosphate also decreased.
By further analysis, the sugar phosphate and nucleotide fractions in the acidsoluble phosphorus compounds were found to decrease from 115 to 97 and from 57.2 to 50.2 pg phosphorus per ml, respectively. These observations imply that the phosphate pool in cells contributes to the construction of nucleic acid during the course of the crowded culture.
It should, however, be mentioned that the increase in the amount of nucleic acid occurred mainly in the part of RNA, since practically no net increase in the amount of DNA was demonstrated (Table 2) as determined by the method of W EBB and LEVY (14) .
Microscopical observation of cells during synchronization Changes in nucleic acid and protein contents during the course of synchronized culture When the whole culture preincubated at a high cell-density for 160 min was diluted 100 times with a fresh medium, the cellular multiplication ensued by a stepwise fashion. During the course of the synchronous growth of S. pombe, the amounts of protein and nucleic acids were followed. Since it is highly probable that some particular metabolic events affected by the prior treatment were occurring at the onset of the first cell cycle, data were taken starting from the second cycle. In Fig. 3 are shown data thus obtained being represented as changes in amounts on a per-cell basis.
Among the three cellular components examined, an increase in RNA content proceeded rapidly in the early phase of cellular growth and that in protein content seemed to follow . Conspicuous increase in DNA content was observed at the later phase of cellular growth, i.e ., just before the cell division.
The timing of the DNA increase in cells coincided well with that of the appearance of binucleate cells at the highest frequency (17) . 
DISCUSSION
During the course of phasing of cellular age in S. pombe at a high celldensity, a rapid exhaustion of glucose in culture medium was demonstrated. An experiment trying to keep the concentration of glucose constant by the continuous feeding of glucose during incubation at a high density disclosed that no phasing of cellular age occurred as judged from the growth curve followed after the dilution of the dense suspension with a fresh medium (18). These facts suggest that the phasing of cellular age by this method is caused by the starvation of glucose or some other nutrients as already reported by CAMPBELL (19, 20) and SYLVEN et al. (21) in Saccharomyces cerevisiae.
It should, however, be referred to the fact that E. coli and M. smegmatis are likewise synchronized by this method (5, 6) . In the former organism, no complete exhaustion of nitrogen as well as carbon sources was observed during the course of crowded culture.
Therefore, some other mechanism which has still to be fully investigated may possibly be involved in the phasing of cell age in these microorganisms by the said method. In the present method of synchronization, preceding dense culture seemed to result in the phasing of cell age at the stage prior to nuclear division in a division cycle. Therefore, when such cells were brought into unrestricted growth condition, the number of cells should remain unchanged for a shorter period than the normal generation time.
In Fig. 1 is shown that the duration of the first cycle of the synchronized culture is shorter than that of the second cycle and in Fig. 2 is shown that the former is even more shorter than the latter.
It is, however, highly probable that some particular metabolic events are occurring at least at the onset of the first cell cycle caused by the prior treatment at a high cell-density.
Therefore, the measurement of the amount of cellular materials during cell cycles were performed starting from the second cycle.
MITCHISON (1) observed using an interference microscope that the growth in dry mass of S. pombe was almost linear for each generation.
RNA synthesis during the cell life cycle of this yeast was also followed by MITcHISON and WALKER (2) using ultra-violet photomicrography and a fairly steady increase in the amount of RNA throughout the cell cycle was demonstrated.
The results obtained by the present experiments, however, showed that this is not necessarily the case. Protein synthesis was found to proceed rather steadily throughout the cycle, while RNA synthesis proceeded rapidly during the first half cycle and DNA synthesis during the second half cycle. Recent observation of SANDO and TANAKA (17) using the synchronized culture of this yeast showed that binucleate cells appeared at the highest frequency when the highest DNA content in cell was demonstrated.
Although there has been a number of papers describing the occurrence of continuous synthesis of nucleic acid, especially that of DNA (22-26), present results seem to be similar to the observation of MAROYAMA (27) who used E. coli synchronized by the filtration N. SANDO VOL. 9
technique and also to that of WILLIAMSON and SCOPE (28) Who used synchronized S. cerevisiae culture.
SUMMARY
The cell division of the fission yeast, Schizosaccharomyces pombe, was synchronized by the preincubation of cells at a high cell-density (1 x 109 cells per ml) for about one generation time followed by the dilution of the cell suspension by 100 times with a fresh medium.
During the preincubation at the high cell density, glucose in culture medium was rapidly exhausted and the total nitrogen decreased corresponding to an increase in cellular nitrogen, while only a slight increase in cell number occurred initially.
In the course of the crowded culture, the content of nucleic acid, mainly RNA, increased definitely at the expense of intracellular acid-soluble phosphorus compounds, while the amount of polyphosphate and DNA remained unchanged.
In connection with these observations, the phasing mechanism of cellular age by the present method is discussed.
During the course of synchronized culture, synthesis of RNA seemed to proceed very actively in the earlier phase of a cell cycle and that of DNA in the later stage just before the cell division, whereas the amount of protein increased almost linearly throughout the whole cycle. 
